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Citation (please note it is advisable to refer to the publisher's version if you intend to cite from this work) The Surface Energy Balance (SEB) of glaciers, although of considerable importance for 24 understanding the melt response to climate change, is generally analysed only for brief time 25 periods due to the logistical challenges of meteorological measurement campaigns on 26 glaciers. Insight into low frequency changes in the SEB in response to climate warming and 27 variable atmospheric circulation patterns has thus been limited. Here this problem is 28 addressed by using ERA Interim reanalysis data to extend glacier meteorological records at 29 two locations on Vestari Hagafellsjökull for the period 1979 2012. Trend analysis is 30 conducted for this series before the role of synoptic circulation in modulating surface 31 energetics is investigated. The results indicate that potential melt energy has increased 32 significantly throughout the period of simulation at both locations, with the largest increase 33 evident for the turbulent heat fluxes. The synoptic conditions associated with the recent high 34 melt rates on the proximate Greenland Ice Sheet (GrIS) do not manifest as similarly extreme 35 melt conditions for our Icelandic location. We also find that the North Atlantic Oscillation 36
Index is significantly correlated with components of the SEB. This association remains 37 hidden if the melt rate is assessed in isolation, highlighting the utility of the SEB approach 38 presented here for assessing synoptic aspects of glacier climate interactions. 39 P e e r R e v i e w O n l y
Introduction and aims

45
Melting of the Earth's terrestrially stored ice is of the utmost hydrological and societal 46 importance. Glaciers and ice caps play a critical role in modulating the seasonal hydrology of 47 mountainous catchments (Jansson et al., 2003; Bradley et al., 2006) and their melting has 48 contributed substantially to recent sea level rise (Meir et al., 2007; Jacob et al., 2012) . Hence, 49 there is a need to understand and quantify the response of the cryosphere to the effects of 50 climate change. 51
Critical to the rate at which glaciers and ice caps lose mass is the SEB. That is, the net 52 balance of energy at the glacier surface: surplus energy drives melting once the surface has 53 been warmed to 0°C. Much research has addressed the measurement and simulation of the 54 SEB in different climatic environments (e.g. Oerlemans, 2000; Klok and Oerlemans, 2002; 55 Hock and Holmgren, 2005; Giesen et al., 2009; Guðmundsson et al., 2009; Six et al., 2009; 56 Sicart et al., 2011) . Such investigations are often used to identify the relative importance of 57 different energy fluxes in driving melting (e.g. Giesen et al., 2009; Nicholson et al., 2012) , to 58 calibrate empirical glacier melt models (e.g. Braithwaite, 1995; Arendt and Sharp, 1999; 59 Matthews et al. 2014) , or to assess the sensitivity of glacier melt to prescribed increases in air 60 temperatures (e.g. de Wildt et al. 2004; Björnsson et al., 2005) . SEB studies therefore play a 61 critical role in understanding how the prevailing weather drives surface melting, and 62 ultimately, the response of glaciers to climate change. 63
To evaluate the SEB, micrometeorological data from the glacier boundary layer are required. 64
This, however, presents a serious logistical challenge on glaciers, as the remote location and 65 harsh climate typical of glacierized terrain makes continuous data acquisition difficult. As a 66 consequence SEB studies are often brief in duration, which is problematic because the 67 representativeness of such short term investigations may be limited: the sampling interval 68 P e e r R e v i e w O n l y may not represent the full range of SEB conditions experienced at the study location. For 69 instance, interannual changes in the frequency and duration of particular weather types 70 (Brazel et al., 1992; Hannah et al., 1999; Konya and Matsumoto, 2010) , might result in 71 observations from a short lived observation campaign being misleading regarding 'average' 72 conditions. 73
Brief SEB investigations are particularly limiting for studies which seek to explore the 74 synoptic dimension to surface energetics. In general, relatively few researchers have 75 considered this aspect of glacier climate interactions from an energy balance perspective 76 (Hay and Fitzharris, 1988; Brazel et al., 1992; Hannah et al., 1999) . Studies at interannual 77 resolution are particularly sparse, yet such focus is much required, as an understanding of 78 how large scale, low frequency atmospheric processes ultimately drive melting at the glacier 79 scale is important to establish the likely future response of glaciers to climate change. The 80 micrometeorological processes which ultimately drive surface energy transfer vary at too 81 small a scale to be resolved by spatially coarse climate models, and coupling the small and 82 large scales provides a means to address this scale mismatch. A reminder of the importance 83 of synoptic circulation in modulating glacier surface energetics has been provided by studies 84 of the GrIS. Recent research in this region (Fettweis et al., 2011 (Fettweis et al., , 2012 Hanna et al., 2013, 85 2014) has emphasised the role of unprecedented high pressure over the western flank of the 86 GrIS in driving high, and indeed, record breaking melt rates over the ice sheet. 87
One way of extending SEB investigations to a length which is more appropriate for exploring 88 synoptic controls on the surface energetics, is to calculate the SEB using meteorological data 89 recorded at weather stations located off glacier (e.g. Klok and Oerlemans, 2002) . However, 90 the low spatial density of such climate monitoring stations (Jarosch et al., 2012) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 To extend the SEB series, the ERA Interim dataset was used, which is the latest reanalysis 138 product from the European Centre for Medium Range Weather Forecasting, succeeding the 139 ERA 40, and spanning the period 1979 present (see Dee et al. (2011) ). As input to our SEB 140 model (described below) the incident radiative fluxes (shortwave and longwave), two metre 141 air temperature, two metre vapour pressure, and two metre wind speed are required; 142 appropriate variables were therefore extracted from the ERA Interim archive 143 (http://dataportal.ecmwf.int/data/d/interim daily/) at 0.75 × 0.75 resolution for the four grid 144 points closest to our study site (see Table 1 ). The average height of the reanalysis terrain 145 across these points is 375 m. The extracted variables were then bilinearly interpolated to the 146 location of the AWSs (cf. Radić and Hock, 2006; Rye et al. 2010) . All reanalysis data were 147 extracted at three hourly resolution for the JJA period 1979 2012, before being post 148 processed to daily means. 149
Comparison of the interpolated reanalysis variables with the in situ observations indicates 150 appreciable bias ( Figure. 2). We therefore adjusted the reanalysed meteorological variables to 151 the glacier using a quantile mapping approach (Rye et al., 2010; Hashino et al., 2007) . This 152 non parametric technique for bias correction has been found to be superior to other statistical 153 transformations in comparative studies (Hashino et al., 2007; Gudmundsson et al., 2012) . The 154 procedure was implemented via a direct one to one mapping of rank ordered pairs for the 155 period of coincident observation at each AWS. Outside this interval, the reanalysis variables 156 were corrected by linearly interpolating between pairs. Values beyond the range witnessed 157 during the overlapping period are corrected by the minimum/maximum correction factors, as 158 appropriate. Although this practice is common (Boé et al., 2007; Rye et al., 2010; Themeβl et 159 al., 2012; Gudmundsson et al., 2012) , it is questionable if temporal trends mean that these 160 minimum/maximum corrections need to be applied often. In such instances, it is 161 recommended to remove these trends prior to implementing quantile mapping (Beyene et al.,21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   P  e  e  r  R  e  v  i  e  w  O  n  l  y both locations, a maximum of ~0.3% of the reanalysis series (vapour pressure at VH 1100) 164 were subject to these extreme correction factors. 165
Whilst quantile mapping corrects for biases in the reanalysis data, it does not affect the 166 temporal agreement with the meteorological variables measured on glacier. This was assessed 167 in the present study by calculating correlation coefficients between the quantile mapped 168 reanalysis data and the observed glacier meteorology. 169
Surface Energy Balance 170
The suitability of the SEB model specification employed here (Table 2) has been 171 demonstrated in previous research (Matthews, 2013; Matthews et al., 2014) . We ran this 172 model at hourly resolution using meteorological data recorded at the glacier AWSs to 173 generate reference SEB series for each location. When the model was forced with the bias 174 corrected reanalysis data, we performed two experiments. The first was designed to validate 175 the SEB series generated with the reanalysis data. For this, the model was run at daily 176 resolution for the period when the AWSs were operational with the measured albedo and 177 emitted longwave radiation used to resolve the net radiative balance. This treatment isolates 178 the effect of different meteorological forcing data (in situ reanalysis) on model 179 performance. We refer to the SEB series generated with in situ meteorological data as ' REF', 180 and use 'REANv', to denote the series obtained using the reanalysis data from this 181 experiment. Validation of REANv was achieved by comparing this series with water 182 equivalent melt totals derived from the daily mean energy fluxes in the REF series. 183
Comparisons were made at daily and annual resolution and correlation coefficients were used 184 to quantify the agreement between series. The 900 hPa surface was used because this provides information of atmospheric flow at a 221 level close to the AWSs (mean atmospheric pressure during the observational period was 950 222 hPa and 883 hPa at VH 500 and VH 1100, respectively). The relationship between the 900 223 hPa flow field and REANh was determined by plotting anomaly maps for the five years with 224 the highest melt rates. These years were identified by ranking melt scores averaged between 225 elevations, so that equal weight was given to both locations when defining high melt years. 226
We also correlated the 900 hPa height field with REANh to determine linear dependencies of 227 the SEB on the synoptic flow. 228
The GBI and the NAOI were used to explore the relation between surface energetics and 229 synoptic climatology because these indices have been identified as useful indicators of both 230
GrIS melting (Hanna et al., 2013) and interannual climatological variability in Iceland 231 (Hanna et al., 2004 
Results
235
Reanalysis climatology 236
Correlation coefficients quantifying the linear agreement between reanalysis and AWS 237 variables are provided in Table 3 . Generally, correlations are strong for all locations, and all 238 are highly significant. Wind speed at VH 500 registers the lowest agreement. However, 239 empirical associations between glacier wind speeds and other near surface meteorological 240 variables have been noted in Icelandic studies (Björnsson et al., 2005) , so we attempted to 241 improve the correspondence between the bias corrected reanalysis and observed wind speeds 242 by regressing wind speed residuals on other reanalysis variables (see Table 4 ). The resulting 243 regression model improved the agreement between the corrected reanalysis wind speed and 244 that measured at VH 500 (new = 0.61) 245
Surface Energy Balance Modelling 246
Simulating the SEB using the corrected reanalysis data to drive the melt model resulted in 247 good agreement between the observed and simulated heat fluxes at both daily and annual 248 resolution (Table 5 and Figure 3 ). The least agreement between series is observed for the 249 latent heat flux at VH 500 when assessed at annual resolution. However, given its relatively 250 minor role in the SEB (Table 5) , this does not propagate substantially to the skill in capturing 251 total melt at either elevation. western Iceland (1991 Iceland ( , 1984 Iceland ( , 2003 Iceland ( and 1990 , which generally results in an amplification of 275 the temperature dependent heat fluxes (sensible, latent and longwave energy components). 276
The southerly flow responsible for this enhancement results from different configurations of 277 anomalies in the geopotential height field. In 1984 more southerly flow is a consequence of 278 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 P e e r R e v i e w O n l y higher pressure to the south of Iceland, whilst in 1991 Iceland, whilst in , 2003 Iceland, whilst in and 1990 anomalies to the south/southeast are responsible. 280
The shortwave heat flux is the main source of melt energy at Vestari Hagafellsjökull, so 281 deviations in this flux have a larger weighting in the overall melt anomaly. This explains why 282 1987 was characterised by high melt rates, despite the fact that only this flux was markedly 283 enhanced. The pressure field during this year was characterised by a high over the GrIS not 284 unlike that which has been associated with enhanced melting of the ice sheet (Fettweiss et al., 285 2013) . Indeed, 1987 was indeed a warm summer for the south west of the ice sheet (see tables 286 3 and 4 in Hanna et al. (2014)). Examination of the correlation maps ( Figure 8) demonstrates 287 that the net shortwave flux is generally amplified when pressure is higher over the GrIS and 288 lower over North West Europe. These maps also illustrate that, with the exception of the 289 sensible heat flux, the temperature dependent SEB components are more pronounced when 290 this pressure pattern is reversed. 291
The detrended melt series are not correlated significantly with the NAOI or GBI at either 292 location (Table 7) . For the NAOI this results from the counteracting effects of this index on 293 the temperature dependent and independent energy fluxes, as the turbulent and longwave 294 SEB components yield correlations with the NAOI which are opposite in sign from that 295 exhibited by net shortwave radiation. The GBI is strongly co linear with the NAOI ( = 296 0.86); hence, whilst opposite in sign, the association between the GBI and the SEB 297 components is similar to that exhibited by the NAOI, although generally weaker. 298 
Discussion
Reanalysis climatology and surface energy balance modelling 300
Comparisons between the reanalysis data and in situ meteorological measurements indicated 301 appreciable bias, which is consistent with glacier studies elsewhere (e.g. Rye et al., 2010) .P e e r R e v i e w O n l y This is not surprising considering the elevation mismatch between the reanalysis model and 303 our locations (Section 2.3). However, it is unlikely that the bias can be explained only though 304 this elevational discrepancy. For example, the difference in mean air temperatures recorded at 305 VH 500 and the reanalysis data prior to the bias correction is 3.27ᵒC, corresponding to a 306 super adiabatic mean lapse rate of 2.62ᵒC 100 m 1 . Such large biases can instead probably be 307 explained by the glacier's modifying effect on the overlying atmosphere. In being limited to 308 the melting point, glaciers typically have a cooling influence on the air above during melt 309 conditions, simultaneously drying the boundary layer (via condensation) and effecting 310 katabatic winds (Oerlemans, 2010) . These processes are essentially microclimatological 311 phenomena unresolved by the reanalysis model. This likely explains the relatively modest 312 association between in situ and reanalysis wind speeds observed at VH 500, as this location, 313 in being located further along the flowline, is more frequently exposed to katabatic winds 314 (Matthews, 2013), whose variability is partially decoupled from the synoptic wind field 315 (Oerlemans and Grisogono, 2002 ). The regression model employed in Section 3.1 supports 316 this interpretation. The coefficients indicate that wind speeds at VH 500 increase as ambient 317 air temperature and insolation rise (Table 4) . Physically, this is consistent with katabatic 318 forcing because increases in these variables would be expected to amplify the along glacier 319 pressure gradient, as warmer ambient air temperatures, augmented by solar heating of the 320 glacier environs, create a larger near surface density gradient (cf. Bjornson et al., 2005) . 321
Generally, the empirical corrections applied to the reanalysis data were sufficient to result in 322 good agreement between REF and REANv, which promotes confidence in interpreting 323 changes in potential melt energy given by REANh. This series indicated amplification of 324 nearly all components during the period of simulation with only the longwave flux observed 325 to have remained essentially unchanged, whilst the upward trend in shortwave radiation at 326 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ). This trend is 343 consistent with the literature on degree day factor controls, and their relation to SEB 344 partitioning (Hock, 2003) . Whilst a thorough examination of this point is beyond the scope of 345 this paper, it is emphasised that such non stationarity of SEB components should perhaps be 346 expected at our location, and indeed others, as the climate warms further and the temperature 347 dependent heat fluxes are enhanced preferentially. 348 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Greater insight into synoptic controls on the SEB was granted through correlation analysis 363 and the clearest associations with the 900 hPa flow field were observed for the radiative and 364 latent heat fluxes. The shortwave energy flux indicated a tendency to be enhanced when the 365 pressure field drives north easterly flow, in a configuration opposite to that favoured by the 366 longwave and latent heat fluxes. These correlation fields show a high degree of similarity to 367 the dipole structure of the summertime NAO, which has positive and negative centres over 368 northwest Europe and Greenland, respectively (Folland et al., 2009 ), hinting at the 369 importance of the NAO in modulating surface energetics which was confirmed by inspection 370 of the NAOI time series. 371
Atmospheric circulation 349
When the summertime NAO is in a positive phase, circulation is more anticyclonic over the 372 northwest Europe and more cyclonic over Iceland/southeast Greenland. This results in 373 southerly flow over a warm ocean surface, advecting a humid air mass over Vestari 374 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 It is a consequence of the opposing sign of the correlations with the NAOI for the 383 temperature dependent and independent SEB components, that melt itself is not correlated 384 significantly with this index. This cancelling effect is also evident in Figure 8 , where only the 385 sensible heat flux correlation is 'carried through' to the melt correlation map, as it hasn't been 386 cancelled by a spatially coincident correlation of opposite sign. We also observed that the 387 NAOI is almost universally better correlated with the SEB components than the GBI. This 388 may be because the NAOI expresses the strength of the dipole pattern, which probably carries 389 more information about resulting circulation over this region of the North Atlantic (and air 390 mass advection over Vestari Hagafellsjökull) than the GBI, which emphasises the northern 391 centre of the dipole (Fang, 2004) . 392
Conclusions
393
The main aims of this study were to assess the feasibility of simulating potential glacier 394 surface melt energy with bias corrected reanalysis data, and to evaluate the role of synoptic 395 circulation in modulating the surface energetics. Our conclusions from this work can be 396 summarised: 397 1) Using only simple empirical corrections, the ERA Interim data captured an 398 encouraging amount of variance in the observed SEB. Accordingly, we conclude that 399 Because these correlations are opposite in sign they cancel each other out, resulting in 415 no significant association between melt itself and the NAOI. The role of the NAO in 416 modulating surface energetics would therefore not have emerged in our study if the 417 integrated melt response to synoptic forcing had been assessed in isolation. 418
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